Ferredoxin-glutamate synthase was localized in leaves and cotyledons of tomato (Lycopersicon escukntum, cv Helifrucht frushstamm) seedlings by immunocytochemical methods. The present work established that the enzyme was not only a constituent of chloroplast stroma of the mesophyll cells, but also of the cells of xylem parenchyma and epidermis.
The catalytic steps involved in ammonia assimilation by the green tissues of higher plants are carried out by the GS2 (EC 6.3.1.2) and glutamate synthase enzymes (14) . The later catalyzes the reductive transfer of amide nitrogen from glutamine to 2-oxoglutarate, and thus requires the presence of a two electron supplier. Two glutamate synthases have been reported in higher plants; each has a specific electron donor; one uses NAD(P)H (EC 1.4.1.14) and the other reduced ferredoxin (EC 1.4.7.1).
Why both forms exist in the same tissue has yet to be explained, although some authors argue that the Fd-dependent enzyme plays a principal role in ammonia assimilation occurring in the light periods. In C3 plants, photorespiration takes place during these periods and the ammonia released must be reassimilated as part of a photorespiratory nitrogen cycle (9) . Recent results on barley mutants confirm that Fd-GOGAT is specifically required for ammonia reassimilation (17) . On the other hand, the NAD(P)Hdependent enzyme has been found to predominate in immature leaves (13) . This accounts for the light-independent conversion of glutamine to glutamate.
In the green leaves of tomato plants, one glutamine synthetase (5) and two glutamate synthases (1) have been described. To determine their physiological roles, knowledge of the intracellular localization of these proteins is essential. The present work reports for the first time experiments to determine the intracellular localization of Fd-GOGAT using specific antibodies raised against the enzyme, purified as described elsewhere (1 Antibody Preparation. Monospecific antibodies against tomato leaf Fd-GOGAT were raised by inoculating rabbits with homogeneous enzyme. Four intradermal injections of the purified enzyme (100 ,g) were given at 14 d intervals, the first injection with the complete Freund adjuvant, and the three others with the incomplete adjuvant. Ten d after the last injection, the rabbits were bled by the ears, the serum was separated and stored at -24°C until use.
Immunodiffusion. The double immunodiffusioh was carried out using the procedure described by Ouchterlony and Nilsson (15) . Ten ul of antiserum against Fd-GOGAT and 12 ,l of crude extract from green tomato leaves were placed in separated wells of 1% (w/v) agar plates and incubated for 48 h at 4°C. Following this they were rinsed for 2 h with PBS and then with water for another 2 h. The protein precipitate was stained with Coomassie brilliant blue.
Immunoelectrophoresis. Aliquots of crude extract (10 ,ul) were run in 1% agarose plates, using 0.2 M Tris-glycine buffer (pH 8.0) and 7.5 V cm of power supply; after the electrophoretic run, the antiserum (180 ,ul) was added to the central trough and incubated for 1 to 2 d at 4°C. The gels were washed with PBS (pH 7.2) and water, then stained with Coomassie brilliant blue.
Plastic Embedding. Leaves and cotyledons were cut in small pieces and fixed in 3% paraformaldehyde, 0.5% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.3) for 3 h, followed by dehydration in ethanol (50-80-100%). Samples were embedded in L.R. White (London Resin Co. Ltd., U.K.). Ultrathin sections were cut with a Sorvall ultramicrotome MT2-B and placed on Formvar-coated copper grids.
Immuno-Gold Staining. The samples were washed twice with PBS 0.1 M (pH 7.3), containing glycine (0.75 mg/ml) and 0.1% BSA for 10 min; incubated with sheep serum for 15 min; incubated for 60 min in rabbit antiserum against Fd-GOGAT diluted 1:10 (v/v) in sheep serum; washed three times in phosphate buffer containing 0.1% BSA; incubated for 30 min in goat anti-rabbit IgG conjugated with 15 nm gold particles (purchased from Janssen Pharmaceutica, Beerse, Belgium); diluted 1:30 (v/v) in phosphate buffer containing 0.1% BSA; and washed three times in phosphate buffer containing 0.1% BSA, three times in phosphate buffer, and three times in bidistilled water. For the control sections, the same procedure was followed but the samples were incubated with rabbit preimmune serum, diluted 1:10 (v/v) in sheep serum.
Poststaining. Immuno-gold labeled sections were stained with 2% uranil acetate (pH 4) for 20 min and lead citrate for 8 min.
Cryosections. The fixing procedure of the samples for cryosectioning was the same as that for plastic embedding. After fixing, they were washed successively twice for 10 min with phosphate buffer, with diluted sodium borohydride for 30 min, and Plant Physiol. Vol. 87, 1988 twice for 10 min with phosphate buffer, and they were immersed in 0.8 M sucrose for 14 h.
Ultrathin cryosections were made at -100°C with the previously mentioned ultramicrotome equipped with an LTC-2 cryoattachment. The sections were placed on Formvar carbon-coated grids which were ionized-prior to use.
The staining procedure was the same as for the plastic sections except that after gold-labeling the samples were postfixed with 2% glutaraldehyde in phosphate buffer for 5 min.
The sections were then stained with uranyl acetate (pH 7) for 20 min and embedded in a thin layer of 1% methyl cellulose plus 0.02% uranyl acetate (pH 4) for 10 min.
Tansmission Electron Microscopy. A JEOL 1200 electron microscope (Jeol Ltd., Tokyo, Japan) was used for visual inspection and microphotography of the sections.
RESULTS AND DISCUSSION
The monospecificity of the antiserum for tomato leaf Fd-GOGAT was determined by double immunodiffusion and immunoelectrophoresis. By both techniques, only one precipitation band was obtained (result not shown). The antibodies against Fd-GOGAT do not cross react with NADP(H)-GOGAT from green tomato leaves.
In leaf mesophyll cells, Fd-GOGAT was confined to the chloroplasts. This is well documented in plastic embedded tissue (Figs. 1-3 ). The gold label appeared conspicuously on the profile of the photosynthetic organelles, but it was not seen on the mitochondria sites ( Figs. 1 and 2 ) and the nucleus (Fig. 1) . Neither the cytoplasm nor the cell wall showed any antigenic activity ( Figs. 1 and 2) . The very few gold particles observed on these cell components represent a labeling density similar to that found on the nonimmune control sections (Fig. 4) . The cryosectioning approach showed the same results exept that the gold-label den-FIGS. 1 and 2. Fig. 1 (top) and 2 (bottom). Sections The control sections were made following the same procedure than for experiment sections, except that rabbit nonimmune serum was used instead of Fd-GOGAT antiserum. Very few grains of colloidal gold are present on this section. Bar is 500 nm. sity was higher using the same antibody concentrations (results not shown).
In the chloroplast sections, the gold spheres were found both on the stroma and on the sites of the thylakoidal membranes. In section sliced perpendicular to the thylakoids (Fig. 2) , the label was virtually absent from the grana and seemed to be mainly associated with stroma thylakoids or with the edge of the grana (Figs. 1 and 2, right) . When the chloroplast membranes were sectioned at a very acute angle ( Fig. 1, left; Fig. 3 ), no gold label was found on the areas occupied by thylakoid membranes. The electron-dense grains occurred only on the stroma part of the section or at the edges of the thylakoids.
These observations were confirmed in other leaf tissues. In the upper epidermis cells and the xylem parenchyma, Fd-GOGAT also appeared to be confined to the chloroplast (results not shown), using both the plastic and the cryosectioning approach.
Nitrate reductase, the first enzyme on the nitrogen assimilation pathway, was recently localized with the immunocytochemical techniques, in freeze-sectioning green algae (11) and low temperature resin-embedded spinach leaves (8) . In both green algae and plant leaves, the antigen, nitrate reductase, was localized in the chloroplast. In the present work, Fd-GOGAT was localized in tomato seedlings both by freeze-sectioning and by plastic embedding with subsequent sectioning but using a partially hydrophilic resin. 
IMMUNOCYTOLOCALIZATION OF FERREDOXIN GLUTAMATE SYNTHASE
Fd-GOGAT was found to be confined to the chloroplasts (Figs.   1-3 ) of the leaf and cotyledon. This result applied not only to the mesophyll, but also to the epidermis and xylem cells, which are less specialized for photosynthesis.
As the same results were obtained with both plastic-embedding sections and frozen sections, we conclude that the data presented here are not artifacts produced by dehydration and tissue-embedding procedures. It was very clear from the plastic sections that the antigen was present in the stroma and either in or on the membrane surfaces of the chloroplast (Figs. 1 and 2) . In chloroplast sections, it was difficult to determine if the antigen was intimately associated with the membrane or just close to it, because the spatial resolution of the indirect immunolabeling technique is insufficient to elucidate it.
The occasional observation that the gold marker was absent from these sites in very obliquely sectioning membranes (Fig. 3) was investigated further. Study of many sections of this kind confirmed the data. This strongly suggested that Fd-GOGAT was a stroma constituent, but also occasionally close to the outer site of the chloroplast thylakoids. If the enzyme was incorporated in the membranes, it would have been recognized in the oblique sections by the policlonal serum we used.
The definitive limiting of Fd-GOGAT to the chloroplast compartment is physiologically meaningful. Several authors have argued for plastid localization of Fd-GOGAT since the very first papers of this enzyme were published (10) . All the previously reported data are derived from cell fractionation studies; for example, those of pea leaf greening (12) . This plastid localization agreed well with those studies of Fd-GOGAT content in leaf tissues, which is reported to increase with growth of pea seedlings (13) , and also with the studies of the greening process in etiolated pea and barley leaves (18) . It was important to establish here clearly the intracellular location of Fd-GOGAT before the fine regulatory mechanism of this enzyme activity could be determined.
Green leaves of tomato plants have only one glutamine synthetase (5) and two GOGAT enzymes (1). GS is a chloroplastic enzyme, this was confirmed by immunocytolocalization (our unpublished data). GS activity may be modulated by the changes in those parameters in the chloroplast that occur during transition from dark to light (4) . The present results emphasize the link between Fd-GOGAT and GS in the processes of nitrogen assimilation and reassimilation, which take place in the light periods. Consequently, knowledge of the concentrations inside the chloroplast of common inhibitors of GS and Fd-GOGAT such as 3-phosphoserine and those of other metabolites like aspartate and 3-phosphoglycerate is very necessary.
Aspartate is reported to inhibit tomato leaf Fd-GOGAT (2). Explanation of this effect requires considerations of the changes in concentrations of this amino acid within the chloroplast. It could be implicated in the shuttle of reducing equivalents from the chloroplast to the cytosol (7), or it could be the precursor of several essential amino acids (3).
It is reported that 3-phosphoglycerate is an inhibitor of Fd-GOGAT in tomato leaves (2) . On the other hand, this metabolite is also reported as a positive effector of starch biosynthesis in the chloroplast (16) . Finally, PGA, jointly with triose-phosphate, is the only metabolite that permeates the membrane requiring an exchange with phosphate (6).
All the above mentioned facts suggest that the confinement of Fd-GOGAT to the chloroplast compartment is highly significant. Metabolites like P-serine, aspartate, and PGA, whose changes inside the chloroplast would depend on physiological events like amino acid biosynthesis or carbon storage and partition, could serve, individually or collectively, as fine regulators of the activity of this enzyme.
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